Objective: Obesity is a major health concern and risk factor for colorectal cancer that may also impact cancer treatment and outcomes. Rectal cancer response to chemoradiotherapy (CXRT) is associated with long-term survival and sphincter preservation. The purpose of this study was to evaluate the impact of obesity on treatment outcomes after neoadjuvant CXRT for rectal cancer.
O besity is an increasingly prevalent health issue in the United States, currently affecting >30% of the population. 1 Body mass index (BMI) is one measure of obesity, and increased BMI has been shown to be a risk factor for colorectal cancer. [2] [3] [4] [5] Obesity is a particular problem for colorectal surgery, especially in men who are more likely to have visceral obesity, as the adipose tissue can obscure the anatomic dissection planes or limit access to the pelvis. Among patients with rectal cancer, this can result in a particular technical challenge for surgical resection. 6 As a result, obesity has been associated with an increased risk for perioperative complications and, among patients undergoing primary surgical resection without neoadjuvant therapy, a higher risk for recurrence and decreased likelihood for sphincter preservation. 7 The current multidisciplinary treatment standard for patients with locally advanced rectal cancer includes preoperative chemoradiotherapy (CXRT) followed by surgery. Preoperative CXRT has been associated with significant tumor regression and the potential for improved sphincter preservation. [8] [9] [10] The response of primary rectal cancer to preoperative CXRT varies among patients with complete response (pCR) occurring in 15% to 20%. pCR is an early marker of tumor response, and is associated with favorable prognosis with improved outcomes including local control, distant recurrence, disease-free survival, and overall survival (OS). 9, 11, 12 Such findings have clinical relevance both for prognosis and for future treatment stratification. Although many investigators have sought to identify molecular markers that might predict tumor response to preoperative CXRT, validated molecular signatures have yet to be identified. 13, 14 In contrast, there has been little investigation of potentially modifiable clinical parameters that may predict tumor response to preoperative CXRT.
Previous studies have shown associations between obesity and increased technical difficulty that could increase the morbidity and adversely affect the outcomes after rectal cancer surgery. [15] [16] [17] Although lower rates of sphincter preservation have been reported in obese patients, whether obesity influences sphincter preservation is controversial. 7, 18, 19 We have previously shown that in our cohort of patients, tumor response to neoadjuvant CXRT is a short-term response indicator of long-term oncologic outcomes. 12 We therefore sought to evaluate the impact of obesity on treatment response, sphincter preservation, and long-term outcomes. We hypothesized that obesity had an adverse impact on oncologic and functional outcomes among patients with rectal cancer.
METHODS

Patient Identification
A retrospective cohort study was performed of patients with biopsy-proven locally advanced (cT3-4 or cN + by endorectal ultrasound, computed tomography, or magnetic resonance imaging) rectal cancer treated with preoperative CXRT followed by radical resection at the University of Texas MD Anderson Cancer Center between 1993 and 2010. Patients were identified from the institutional colorectal cancer patient database and tumor registry. Patients with concurrent distant metastasis at diagnosis or those who were not treated with preoperative CXRT, or those with concurrent inflammatory bowel disease, hereditary colorectal cancer syndromes, concurrent malignancy, urgent surgery, prior history of immunotherapy or radiotherapy to the pelvis, prior history of malignancy other than nonmelanoma skin, or in situ cervical cancer were excluded. Patients who lacked information to determine BMI were also excluded. This study was approved by the University of Texas MD Anderson Institutional Review Board.
Assessment of Obesity
BMI was determined for each patient based on patient height and weight information collected from the medical records at the visit before start of preoperative CXRT. BMI was calculated as weight (kg) divided by height 2 (m 2 ), and groups were separated into obese (BMIZ30 kg/m2), and nonobese (BMI < 30 kg/m2) as described by the World Health Organization criteria for obesity. 1, 19 Clinical Staging, Treatment, and Pathologic Evaluation All patients also underwent physical examination including full colonoscopic evaluation to exclude synchronous tumors and proctoscopic evaluation to identify the tumor distance from the anal verge. Pretreatment clinical primary tumor staging was obtained by computed tomography and magnetic resonance imaging, or endorectal ultrasound. Patient-specific and tumor-specific variables including clinical stage, pathologic stage, histologic grade, total number of involved and examined lymph nodes were analyzed. Tumor location was recorded as distance to the distal-most extent of the tumor from the anal verge but categorized as upper, mid, or low rectum for the purpose of analysis. The radiotherapy was delivered with a median dose of 50.4 Gy, and concurrent chemotherapy which was mainly infusional 5-fluorouracil (5-FU) or capecitabine. Operations were classified as sphincter preserving (low anterior resection or proctectomy with coloanal reconstruction) or nonsphincter preserving (abdominoperineal resection) and were performed with adherence to total mesorectal excision (TME) principles. This included proximal vascular ligation of the inferior mesenteric artery with inferior mesenteric vein ligation at the inferior border of the pancreas.
The primary oncologic endpoint was the rate of pathologic complete response. Pathologic staging of the resected specimen was performed by dedicated gastrointestinal cancer pathologists in accordance with the guidelines of the College of American Pathologists. The gross tumor volume was entirely embedded and serially sectioned for standard hematoxylin and eosin staining and microscopic evaluation. The mesorectum was manually dissected for lymph nodes, which were then examined with 1 to 3 separate sections per node. Complete response was defined as absence of viable adenocarcinoma cells in the surgical specimen (ypT0N0) and could include the presence of acellular mucin pools without viable tumor cells. All other patients were classified as incomplete response.
A planned subgroup analysis for the secondary oncologic endpoints of overall survival (OS), recurrence-free survival (RFS), and local recurrence (LR) was performed among patients with at least 2 years of follow-up. OS was defined as the time from the time of surgery to death from any cause. RFS was defined at the time of surgery to tumor recurrence or death from any cause.
Statistical Analysis
Patients and tumor-related variables were characterized using descriptive statistics and comparisons were performed using the w 2 test for proportions. Nonparametric predictor variables were compared using the Wilcoxon rank-sum test. Univariate associations between clinical factors at diagnosis and BMI categories were analyzed using logistic regression. Covariate adjusted analyses between BMI categories and outcome variables were performed using multivariate logistic regression to calculate adjusted odds ratios with 95% confidence intervals (CI). P values <0.05 were considered statistically significant. All analyses were performed using SPSS (version 12.0; SPSS Inc., Chicago, IL).
RESULTS
Patient and Tumor Characteristics
A total of 753 patients met the study criteria and were analyzed. A total of 466 were men (61.9%). Median age at time of diagnosis was 58 years (interquartile range [IQR], 49 to 66). The median BMI of the entire cohort was 27 kg/m 2 (IQR, 24 to 30.8 kg/m 2 ) and 216 patients (28.7%) were classified as obese. Median tumor distance from the anal verge was 5 cm (IQR, 5 to 8 cm).Tumors were located in the upper rectum ( > 10 cm from the anal verge) in 51 (6.7%), mid rectum (6 to 10 cm from the anal verge) in 315 (41.8%), and low rectum (r5 cm from the anal verge) in 388 (51.5%). The overall rate of sphincter preservation was 70.5%.There were no significant differences between the obese and nonobese patients with respect to age, sex, clinical stage, histologic grade, or total number of examined lymph nodes in the surgical specimen. Total radiation dose and type of concurrent preoperative chemotherapy also did not differ by obesity status. The overall proportion of obese patients increased over time as did the overall rate of sphincter-preserving resections (Table 1) .
Pathologic Treatment Response
The overall rate of pCR following preoperative CXRT for the entire cohort was 17.8% (n = 134). The rate of pCR was significantly lower among obese patients than nonobese patients (13.4% vs. 19.6%, P = 0.04). We further examined the influence of BMI on tumor response to neoadjuvant CXRT after adjusting for other potential predictors of tumor response including location, grade, sex, clinical stage, and period of diagnosis. Despite covariate adjustment, the rate of pCR to neoadjuvant CXRT was significantly lower among obese patients with a 40% lower odds for pCR among obese compared with nonobese patients (odds ratio [OR] = 0.60; 95% CI, 0.38-0.94) ( Table 2 ).
Survival and Recurrence
After a median follow-up of 66 months (IQR, 39 to 66 mo), rates of local and distant recurrence were evaluated. Differences in overall rates of local or distant recurrence between the obese and nonobese patients were not observed
Sphincter Preservation
Overall, 70.5% of the patients underwent a sphincterpreserving operation. The proportion of patients undergoing sphincter-preserving surgery did increase during the study period. This occurred despite the fact that the proportion of obese patients also increased (P = 0.02) (Fig. 2) . Therefore, patients were stratified by tumor location; then after adjusting for age, sex, tumor response to neoadjuvant CXRT, T4 status, and year of operation, obesity was associated with a 33% lower odds of sphincter preservation (OR adj = 0.67; 95% CI, 0.45-0.99) among patients with mid and distal rectal cancers, although the effect was primary associated with tumors located between 5 and 10 cm from the anal verge (92.2% vs. 82.5%, OR adj = 0.34; 95% CI, 0.13-0.88). However, the most significant factor for sphincter preservation was clinical T4 status (OR adj = 0.17; 95% CI, 0.09-0.31) ( Table 3) .
DISCUSSION
The increasing trends in obesity prevalence in the US population and worldwide is an important health care problem. 20 In this cohort study of 753 rectal cancer patients treated at a single comprehensive cancer center, higher baseline BMI was associated with lower rates of complete tumor response to neoadjuvant CXRT, and among men, an increased risk for overall mortality and local failure. It was also associated with an increased need for permanent colostomy. There has been increasing evidence that tumor response to neoadjuvant CXRT is an early indicator of long-term outcomes. 9, 12 Furthermore, response to neoadjuvant CXRT may be an important determinant for sphincter preservation. Thus, the lower rate of response to neoadjuvant CXRT among obese patients may both signal poorer long-term outcomes and contribute to a lower rate of sphincter preservation.
Obesity has been previously observed to be associated with lower rates of local control and sphincter preservation but less treatment-related toxicity among patients with stage II and III rectal cancer treated with postoperative CXRT. 7 Higher BMI has also been observed to be a risk factor for recurrence following adjuvant chemotherapy among patients with colon cancer. 20 However, tumor responses associated with neoadjuvant CXRT can potentially mitigate some of these detrimental effects by improving resection margin status and sphincter preservation among patients treated with adherence to TME principles. 8, 19 Yet the observation that obesity is associated with less tumor regression in both men and women further shows that the effects of obesity on patients undergoing curative treatment of rectal cancer are multifaceted. Indeed, obese patients were 38% less likely to achieve a pCR than nonobese even after adjusting for covariate effects such as cT, cN, age, location, sex, tumor grade, and year of diagnosis. There are a number of potential explanations for this observation including difficulty in delivering optimal radiotherapy to obese patients due to issues related to difficulty with patient positioning. Obese patients may have altered drug and metabolite availability at the tissue level. 7 Moreover, clinical practice patterns have suggested that up to 40% of obese patients may not receive chemotherapy doses that are based on full body weight, suggesting that undertreatment may be an additional factor influencing outcomes. 21, 22 In addition, biological factors likely exist, such as the association between insulin resistance related to visceral obesity and promotion of cellular proliferation and inhibition of apoptosis in part through an increase in circulating free IGF-1 23 or obesity-associated inflammation and subsequent activation of the Wnt pathway. The Wnt-activated phenotype has been demonstrated to be resistant to both chemotherapy and radiation. 24 Regardless of the exact mechanisms of the lower rates of neoadjuvant treatment response among obese patients, we observed a clear relationship between treatment response as an early response indicator and long-term RFS in both the obese and nonobese patients. There was no apparent interaction between obesity and treatment response as a predictor of recurrence risk. Obese patients who achieved a pCR still had improved oncologic outcomes when compared with patients who did not achieve a pCR. However, fewer obese patients achieved pCR, although due to the relatively small proportion of obese patients who would have been affected by pCR status, our study sample was too small to show a survival difference among the overall cohorts of obese and nonobese. Obesity itself does not preclude sphincter preservation for patients with low rectal cancer. We observed that despite an increasing proportion of patients over time who were obese, the overall rate of sphincter preservation also increased. However, the rate of increase in the proportion of obese patients was significantly higher than the rate of increase in the proportion of patients undergoing sphincter preservation and the increased risk for permanent colostomy associated with obesity was the greatest among patients with tumors between 5 and 10 cm from the anal verge (17.5% vs. 7.8%, P = 0.029). The lack of observed association for more distal tumors may suggest that for the most distal tumors, oncologic issues such as sphincter involvement are the primary determinant, whereas for tumors between 5 and 10 cm from the anal verge, other factors such as both the anatomic limitations of a deep, narrow pelvis in obese patients and lower rates of tumor regression may limit the ability to perform sphincter-preserving surgery. This study has both potential limitations and strengths. As inherent in single-institutional retrospective observational cohort studies, there remains the potential for both referral and selection bias. However, the proportion of obese patients (BMIZ30 kg/m 2 ) in this cohort was 28.9%, comparable to the 1999 to 2008 National Health and Nutritional Examination Survey report of 33.9%. 1 But as noted, there were greater proportions of younger and male patients with more distal and advanced tumors than would have been expected in a general population of patients with rectal cancer. Such bias should not have affected the rate of response to neoadjuvant therapy, but these male patients with more advanced distal tumors were more likely to be affected by factors associated with higher BMI when performing sphincterpreserving surgery. It is increasingly recognized that other measures of more accurately classifying visceral obesity than BMI may be more representative of the important factors at play. 18, 25 Despite the large total sample size, the relatively small number of patients affected by the differences in pCR did not have a significant impact on RFS comparisons between the obese and nonobese patients. However, to our knowledge, this is the first study to evaluate the relationship between obesity status and pathologic response to neoadjuvant CXRT among patients with locally advanced rectal cancer. These effects were likely, at least in part, attributable for the lower rates of sphincter preservation and higher rates of local failure particularly among obese men. This was also a relatively long study inclusion period (17 y). However, the majority of the operations were performed in more recent years and by a dedicated colorectal surgical team who were early adopters of both neoadjuvant treatment approaches, TME surgery, and coloanal reconstruction for rectal cancer. Similarly the pathologic evaluation was performed by dedicated gastrointestinal pathologists. Moreover, improvements in imaging technology for radiation treatment planning (eg, computed tomography-based simulation since 2000) should have resulted in improved delivery of radiotherapy in the latter part of the study when the proportion of obese patients was greater, further supporting our findings. Studies should continue to explore the relationship between obesity and tumor response. However, where pCR and sphincter preservation are relevant endpoints in studies of neoadjuvant treatment, BMI may be an important stratifier in the analysis.
Although obesity continues to grow as an increasingly prevalent clinical problem within the United States, it is also a largely modifiable health risk. Our data reveal that BMIZ30 kg/ m 2 is associated with both oncologic and functional hazards with lower rates of tumor response to neoadjuvant treatment and sphincter preservation among men and women and higher risk for mortality with a potentially higher rate of local failure in men. Considering the increasing prevalence of obesity, clinicians and public health care policy makers should continue to target obesity as an important modifiable risk factor for treatment outcomes in patients with rectal cancer. 
